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Abstract 
We present a FEM-based, strongly problem-adapted model of a capacitive MEMS microphone that enables a fast and 
efficient simulation of basic device characteristics (reduction in simulation time from several hours to some minutes). 
Complex geometrical features (perforation holes, stack of thin material layers with large aspect ratios) as well as 
couplings between different energy domains have been taken into account by introducing effective or weighted 
material and stress parameters and easy-to-use semi-analytical, but yet physics-based simplifications. Thus, the model 
yields accurate results with reference to experimental data obtained from laser Doppler vibrometer measurements. 
Since the model is parameterized and scales with respect to the most relevant design and material parameters, it 
provides a proper basis for fast and efficient design and optimization studies. 
© 2012 Published by Elsevier Ltd. 
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1. Motivation and Problem Description 
New applications, especially for the consumer market, are continuously driving the development and the 
ripening process for several MEMS devices such as MEMS microphones. In contrast to conventionally 
manufactured devices they exhibit a lot of advantages, since they can be manufactured with an excellent 
reproducibility and be mounted in an automated process [1]. Their applicability in mobile phones, 
laptops, and digital cameras offers a huge market, but also requires further optimization of the devices 
due to the ever-growing quality standards and, thus, the amended technical demands concerning the 
specifications. To this end, accurate, predictive (i.e. scalable) and, at the same time, computationally 
efficient device models are inevitable in today’s MEMS design in order to accelerate development and 
optimization cycles. In general, finite element analysis (FEA) is the method of choice for detailed 
investigations of the device operation [2]. However, in the case of MEMS transducers with complex 
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geometries and several involved energy domains (e.g., the microphone considered in this work), this 
method often requires very long simulation times, shows convergence problems or even becomes 
prohibitive, especially for 3D models with a huge number of degrees of freedom and/or complex 
geometries.  
Fig. 1. (a) Schematic cross section of the capacitive MEMS microphone (a) and the backplate teststructure (b), where only the 
perforated backplate has been released (not to be scaled). 
The industrially manufactured capacitive MEMS microphone studied in this work (as depicted in Fig. 1a) 
consists of a circular-shaped membrane realized as a stack of different material layers and a highly 
perforated backplate forming the counter-electrode. Fabrication-induced intrinsic stresses inside the 
membrane and the backplate affect the sensitivity of the device and, thus, have to be taken properly into 
account in the modeling approach. The complexity of the geometry (large number of perforations, thin 
membrane layers with high aspect ratio of up to 1:800) prohibits a straightforward, detailed modeling by 
standard FEA. As a consequence, problem-adapted model simplifications have to be introduced, which 
enhance the computational efficiency, but still preserve accuracy and predictive power.  
To this end, we derived a FE model of a capacitive MEMS microphone that enables the fast and efficient 
simulation of basic device characteristics with a reduction in simulation time from several hours to some 
minutes.  After a short description of the experimental set-up used for model calibration and validation in 
section 2, the derivation of the model and the underlying physical assumptions is outlined in section 3, 
followed by the obtained results and their evaluation in section 4. 
2. Experimental Characterization 
It is state of the art to extract the pull-in voltage of capacitive MEMS transducers from measuring the 
change of capacitance (or mechanical displacement, resp.) as a function of the applied voltage as well as 
to determine the resonance frequency spectrum of the moving parts in order to characterize the 
mechanical properties of the device [3].  
Fig. 2. (a) Experimental set-up consisting of a Polytec MSA-500 scanning laser Doppler vibrometer and a pressure chamber.   
(b) Measured resonance frequency spectrum of the device and (c) measured pull-in curve: response to an excitation voltage with a
triangular waveform at a frequency of 10 Hz. 
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Parameters such as mechanical compliance and fabrication-induced stress inside the membrane layers, as 
well as other impact factors on the device performance like the initial distance between membrane and the 
perforated backplate may be extracted. In this work, both characteristics have been optically measured 
using a laser Doppler vibrometer in combination with a pressure chamber (Fig. 2a), and evaluated with a 
view to calibrating and validating the model. In Fig. 2b a typical frequency spectrum at vacuum/low 
pressure conditions (no/very low damping) is displayed, showing the resonances of membrane and 
backplate. The pull-in curve of the devices is obtained by exciting the microphone membrane with a 
triangular-shaped voltage waveform (Fig. 2c) and optically determining the resulting displacement of the 
membrane (see red curve in Fig. 2c). Here, a very low test frequency has to be chosen (10 Hz in our 
measurements), since, otherwise, dynamic effects might distort the measurement and, thus, the reliability 
of the extracted pull-in voltage. The determined resonance frequencies have been used to calibrate and 
validate the mechanical submodel, the pull-in curves served for validating the electromechanical, final 
device model. In addition to the standard microphone structures, backplate teststructures (Fig. 1b, 
membrane is fixed, only the backplate has been released) have also been characterized.
3. Model Derivation 
The description of the static and dynamic microphone characteristics require building a mechanical 
and an electrostatic FE model and implementing the respective bidirectional coupling between the two 
energy domains. Due to the large aspect ratio of the different layers (up to 1:800) and the large number of 
perforations it becomes prohibitive to model every single geometrical detail of the structure.  
Fig. 3. (a) 3D FEA model of the microphone, which takes 3D effects and full electro-mechanical coupling into account and has been
used to validate the axial-symmetric 2D model. (b) Semi-analytical modeling approach for simulating the pull-in characteristics.
Hence, the following simplifications have been introduced to make the problem tractable (see Fig. 3): 
x The stack of material layers has been replaced by a simple membrane with weighted material and 
stress parameters, which have been validated by FEA of basic teststructures.  
x The impact of thousands of perforations inside the backplate on the mechanical submodel has been 
taken into account by introducing modified material parameters (elastic moduli, mass density) 
according to the theory of Horvay [4]. 
x The impact of the perforations on the electrostatic submodel has been taken into account by 
introducing a geometry-dependent correction factor extracted from 3D FEA. 
x The so-derived single-layer model can now be implemented as a 2D axial-symmetric model. 
x Due to the high aspect ratio, the electrostatic FEA model of the fully coupled simulation (meshed air 
gap in Fig. 3a) can be replaced by a semi-analytical calculation of the electrostatic force using a 
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differential plate capacitor approach (see Fig. 3b). This reduces the computation time for an entire 
pull-in curve from many hours (29 h for the full 3D model) or 10 minutes (for a fully coupled 2D 
model) to only one minute for the axial-symmetric differential plate capacitor model. 
Finally, the mechanical model has been calibrated with respect to the measured resonance frequencies. 
This allows us to adjust the intrinsic stress inside the membrane and the backplate and to correct the 
values given by the manufacturer himself, which are always a source for uncertainties due to fact that the 
parameters have been extracted under varying test conditions.  
4. Results and Conclusions 
The model described in section 3 has been validated by comparing the simulated pull-in curves to the 
measured characteristics. Fig. 4a demonstrates a very good agreement not only for the membrane, but 
also for the backplate. The latter is also deformed due to intrinsic stresses and the electrostatic force (Fig. 
4b), which has a significant impact on the pull-in voltage and, therefore, has to be taken into account 
properly within the simulation. The validation of the presented model is drawn upon the characterization 
of 9 microphones and the respective backplate teststructures and shows that our model differs with a 
relative error of less than 5% from the mean value of all extracted pull-in voltages. This indicates a high 
confidence-level concerning its accuracy with respect to the microphone technology considered. Since the 
model is parameterized to a high extent, it can be easily transferred to other device geometries. Its 
scalability, viz. its predictive power and, thus, its applicability for design and optimization studies is focus 
of current investigations and is to be validated for design variations of the presented device geometry. 
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Fig. 4. (a) Pull-in characteristics of the membrane and the backplate: The measured curves are reproduced very well by the 
simulations. (b) Displacements of membrane and backplate under the action of an applied electrical voltage. Intrinsic stresses and
the electrostatic forces also induce a deformation in the backplate, which has a significant impact on the pull-in voltage. 
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